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ARTICLE INFO ABSTRACT

Keywords: The current work has examined the pyrolytic properties, product formation mechanisms, biochar properties, and
Food waste digestate residues heavy metal (HMs) safety of biochar during food waste digestate residue (DR) pyrolysis. The results have shown
Pyrolysis o that DR pyrolysis proceeded in five stages. The kinetic model for Stages 1, 3 and 4 was the simple reaction order
;?;cr}?; Erl] characteristics model, the one-dimensional diffusion model for Stage 2, and the three-dimensional (Jander) diffusion model for

Stage 5. Based on thermogravimetric-Fourier transform infrared spectrometry (TG-FTIR) and pyrolysis-gas
chromatography-mass spectrometry (Py-GCMS) analysis, the volatile components of the DR pyrolysis were
mainly produced by the Maillard, decarboxylation, and deamination reactions as H,O, CHy4, CO2, CO, phenol,
C=O (anhydride/ketone/aldehyde), C-O and NHs3. While there were six main components of the pyrolysis oil,
that is, amines and amides, nitriles, N-hybrid compounds, oxides, and sulfides. Appropriate aromatic properties
were observed in the prepared biochar, and the biochar obtained at a pyrolysis temperature of 700 °C had a
relatively high specific surface area. The HMs results showed that the HMs in biochar obtained from DR pyrolysis
at 400, 500, 600, 700, and 800 °C were predominantly in the oxidizable and residual fractions. The toxicity
characteristic leaching procedure (TCLP) tests and the potential ecological risk indices for HMs have indicated a
high safety profile for biochar. This work has elucidated the formation process of DR pyrolysis products and the
physicochemical properties and safety of biochar. It has also provided an outlet for the application of biochar,
which provides a strong contribution to promoting resource use of DR.

Heavy metals

1. Introduction

With increasing consumption and rapid development in the catering
industry, and especially in the takeaway industry in China, the amount
of food waste (FW) generated has also increased yearly. Annual pro-
duction of FW has increased from 94.75 million tons in 2015 to 121.03
million tons in 2019 [1]. This trend is expected to show continued
growth, including a decline in growth rates in early 2020 from the im-
pacts of Covid-19. Traditional treatment methods, including incinera-
tion, landfilling, and composting, are likely to cause adverse effects on
the surrounding environment [2,3]. As a renewable energy production
and waste treatment technology [4,5], anaerobic digestion (AD) has

become a mainstream technology for FW treatment with its relatively
low cost and high level of efficiency [6]. However, while anaerobic
fermentation of food waste generates high levels of secondary energy,
treatment and disposal of the by-product digestate residues (DR) is
becoming an increasing concern [7]. DR production in China reached
14.43 million tons by the end of 2020 [8]. The high water, oil, and salt
content and high viscosity of DR, as well as the potential presence of
harmful substances such as pathogenic microorganisms, polychlorinated
bromides (PCBs), polycyclic aromatic hydrocarbons (PAHs), chlorinated
paraffin, phenolic compounds, and phthalates mean that its safe disposal
is vital.

The most common treatment and disposal protocols for DR include
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Table 1
Basic parameters of DR (Dry basis).
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Sample Proximate analysis (wt.%) Elementals analysis (wt.%)
Ash VM* FC® N H S o° H/C N/C
DR 48.05 49.41 2.54 3.49 22.72 3.22 0.39 22.13 1.70 0.13
Na Mg Al Si Cl K Ca
DR 0.43 1.34 0.68 1.02 2.07 0.78 0.23 26.10

2 VM, Volatile matter.
b FC, Fixed carbon.
¢ 0, By difference, O = 100 — (C + H + N + S + Ash).

fertilizer, sanitary landfill, aerobic composting, and incineration.
Although the Chinese government has introduced some policies related
to the use of DR fertilizer to provide an outlet for its sustainable use,
compound fertilizer companies are more inclined to use higher-quality
organic raw materials because of the poor quality and impurities of
DR. Meanwhile, approximately 15% of the organic matter is consumed
during the DR fermentation process. Some nutrients are lost during the
solid-liquid separation process, which further hinders the use of DR
fertilizer [9]. Traditional sanitary landfill and aerobic composting have
the disadvantages of polluting groundwater, contaminating soil, pro-
ducing foul odors, and having long cycles [10,11]. Meanwhile, incin-
eration can generate ashes and has risks from emitting particulate and
gaseous pollutants [12]. In recent years, thermal conversions such as
pyrolysis and hydrothermal treatment have been widely used for various
biomass and solid wastes because of their ability to achieve substantial
reduction, harmlessness, and resource recovery under high-pressure,
high-temperature conditions. For organic solid waste of higher qual-
ity, the process of hydrothermal combined with anaerobic fermentation
can fully realize the high-value utilization[13], while preparation of
solid fuels through hydrothermal treatment is unlikely to have an
advantage in terms of product competition because of the low quality of
DR. Pyrolysis technology is more thorough in reducing and eliminating
organic pollutants than hydrothermal technology, and the prepared
biochar has a wide range of application prospects. For DR, the prepa-
ration of digestate biochar (DRC) by pyrolysis can reduce the environ-
mental impact and produce functionalized biochar with different
applications, i.e., soil amendment or adsorbent materials. This product
has more extensive market application [14]. DR is more affordable and
contains high levels of nitrogen, phosphorus, potassium, and other
effective elements compared with other conventional biomass, which
are further enriched during the pyrolysis process. This means that it can
potentially increase crop yields after initial treatment and fertilization
[15,16]. Given that DR contains calcium carbonate, there is no need to
add additional activators during the pyrolysis process to expand the
pores and enrich the pore structure. The high nitrogen content in DR
may lead to the formation of more nitrogen-containing compounds in
the bio-oil. These can have various applications as biofuels or chemicals.
However, to date, more research has been focused on improving the
anaerobic digestion effect of FW and the land use of DR [17,18].
Meanwhile, there is still insufficient research on the pyrolysis carbon-
ization and pyrolysis behaviour of DR. Kinetics have been extensively to
various biomass pyrolysis and mutual co-pyrolysis. However, to date, it
has not yet been systematically linked to DR pyrolysis. DR pyrolysis
involves many complex reaction pathways, and the temperatures, res-
idue time, DR composition, and other factors can affect the pyrolysis
process to the extent that it affects the distribution and characteristics of
products. Understanding these pyrolysis parameters and characteristics
is of considerable importance in the resource use of DR and DRC. There
are also safety issues with some heavy metals (HMs) in DR. However, the
HMs safety in the pyrolysis product DRC has been less explored. This has
also prompted the need to pay attention to the risk of HMs in the follow-
up use of DRC.

Therefore in this study, the pyrolysis characteristics and kinetics of

DR were systematically studied using a thermogravimetric analyzer with
three different heating rates. The kinetic parameters of the DR pyrolysis
process were calculated using the Flynn-Wall-Ozawa (FWO), Kissin-
ger—Akahira-Sunose (KAS), and integral master plot methods.
Thermogravimetric-Fourier transform infrared spectrometry (TG-FTIR)
and pyrolysis-gas chromatography-mass spectrometry (PY-GCMS) have
also shown the mechanisms of product formation in the gas and liquid
phases. To ensure the safety of biochar during application, the European
Community Bureau of Reference (BCR) continuous extraction method
and toxicity characteristic leaching procedure (TCLP) was used to
evaluate the potential ecological risks of DR and DRCs. The findings of
this study may offer potential solutions for the reduction, non-
hazardous, and resourceful recycling of DR.

2. Materials and methods
2.1. Raw material

DR with an initial water content of 80.27% was collected from a food
waste anaerobic fermentation treatment plant in Dongguan, Guangdong
province. Before the experiments, DR was dried in an oven to constant
weight at 105 °C for 48 h and then ground into particles smaller than
0.15 mm for further analysis. The essential characteristics of DR are
listed in Table 1.

2.2. Pyrolysis characteristics and kinetic analysis

A thermogravimetric analyzer (STA2500, NETZSCH, Germany) was
used to analyze the pyrolytic properties of DR. An excessive mass of DR
can significantly affect the effectiveness of heat and mass transfer be-
tween particles. To eliminate this effect, we set the initial group of DR to
below 10 mg. We then held it for 10 min after heating it from 30 °C to
850 °C at the rates of 20, 30 and 40 °C/min, respectively. The flow rate
of the protective gas Ny was set to 100 mL/min. Division of the over-
lapping parts, initial decomposition temperature, termination decom-
position temperature, and the peak temperature of each stage of DR
pyrolysis were identified according to the Fraser-Suzuki deconvolution
method recommended by the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) [19]. Devolatilization Index D that
can be evaluated for DR pyrolysis performance can be obtained using
equation Eq. (1) and (2) [20]:

(= DTGpax) % ( — DTGuyerage)

D=
Ti X Tpear X AT1)2

1)
D= ZAWi x Di (2)

where T; and T, are initial decompositions and peak temperatures, °C;
AT, /2 is the temperature range at the half value of -DTG,, °C; AW; is the
weight loss of each stage as a percentage of the total weight loss; D; is
Devolatilization Index D for each stage of DR pyrolysis. In general, a
higher Index D means a more effective DR pyrolysis performance.
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2.2.1. Kinetic analysis

DR pyrolysis involves many complex chemical and physical pro-
cesses. However, each process stage can be modeled mathematically.
Given that DR also fits the non-homogeneous reaction system and non-
isothermal conditions in the pyrolysis of solid fuels, it can be described
using Eq. (3) [21]:

da
= KT} (@) @
where da/dT, a, k(T) and f(@) are the degradation rate, the conversion
degree, the reaction rate constant, and the differential mechanism
function, respectively.

Eq. (4) is obtained by replacing k(T) with the Arrhenius equation
[22]:

dla) A E
= per(~ar)er @

where T, A, E, R, and § are the absolute temperature (K), the pre-
exponential factor (1/min), the activation energy (kJ/mol), the ideal
gas constant (8.314 J/(mol-K)), and the heating rate (K/min).

The a can be calculated using Eq. (5) [23]:

my —m;
a=

)

my — ny,

where m,, m;, and my, are the initial, instantaneous, and ultimate masses
of each stage of DR, respectively, mg.
Eq. (6) can be obtained by integrating Eq. (4):

“da A [T E
o0 = [ a5/ oo () ©

where G(a) is the integrated form of f(a) and T, is the initial temperature
at each stage of the pyrolysis reaction.

2.2.2. Calculation of activation energy (E)

Model-free methods are widely used in studying biomass pyrolysis
because they can describe the kinetic triplet, which includes A, E, and f
(a), without assuming a reaction model. In this study, the FWO and KAS
methods were used, as recommended by the ICTAC Kinetics Committee,
to calculate the E values [24]. The two methods can be expressed as
follows:

0.0048AE E

lnﬁ:lniRG(a) 71.0516H(FW0) %)
B\ _ AE E

() (et ) -9 @

For a given a of which the range was from 0.2 to 0.8 with a step of
0.05, the values of E can be obtained from the slopes of the regression
lines by plotting Ing versus 1/T (FWO) and In (B/Tz) versus 1/T (KAS),
respectively.

2.2.3. Integral master plot method
Given the prolonged decomposition rate of DR at ambient tempera-
ture Ty, Eq. (6) can be described by a master plot method as follows:

G(a):ﬁ %exp(f%>de/0 %exp(f%>dT:;\—£P(u,,) )

where u, = E/RT, E is the average of the activation energies calculated
using the FWO and KAS methods, T is the temperature corresponding to
a particular a, and P(u,) is the temperature integral. Given that there is
no analytical solution for P(u,), the Tang-Liu-Zhang-Wang-Wang
approximate expression [25], an empirical equation, was used here to
calculate P(u,) with a deviation of less than 0.1% when u greater than
14.
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exp((— Ua)

P(u,) =
(M) = (1.00198882u, + 1.87391198)

(10

For each single-step reaction, f(a), E and A are constants.
The kinetic triplets (f(a), E and A) are constant for each step reaction.
A suitable mechanism function can then be used to simulate the TG data
by obtaining the value of E, which the previous equation can be used to
calculate. Here, @ = 0.5 was selected as a reference, then Eq. (10) can be
converted into Eq. (11) as follows:
AE
G(0.5)=—P 11
(0.5) AR (uo.5) 11
The integral master-plot equation can be obtained by dividing Eq. (9)
by Eq. (11).

Gl@) _ Pu

Based on ICTAC Kinetics Committee recommendations [26], the 15
standard thermal degradation reaction models G(a) are listed in
Table S1 of Electronic Supplementary Information (ESI). A series of
theoretical master-plots and experimental master-plots can be obtained
by plotting G(a)/G(0.5) versus a and P(u,)/P(uys) versus a on the left
and right hand of Eq. (12). For a given determined o, the most appro-
priate process for each stage of DR pyrolysis was determined by finding
the closest model to the experimental master plots.

12

2.3. Pyrolysis experiments

The DRCs preparation processes were conducted in a fixed bed
reactor (Fig. S1). Approximately 20 g of DR was placed into matched
quartz pyrolysis tubes. To ensure that the entire process was conducted
under oxygen-free conditions, nitrogen with a purity of 99.99% was
introduced 10 min before the warming procedure commenced and was
maintained at 100 mL/min. The reactor was heated from 30 °C to 400,
500, 600, 700 and 800 °C, respectively, at a rate of 20 °C/min and
maintained for 45 min after reaching the target temperature. After
cooling to the ambient temperature, the biochar was ground and filtered
through a 100-mesh standard sieve. The biochar samples obtained were
named DRC-400, DRC-500, DRC-600, DRC-700, and DRC-800. These
have been collectively referred to as DRCs.

2.4. Experimental analysis method

The proximate analysis included ash, volatile matter (VM), and fixed
carbon (FC) of DR and DRCs referred to as the national standard GB/T
28731-2012. Elemental analysis (C, N, H, and S) was conducted using
an elemental analyzer (Elementar Vario EL cube, Ellimenta, Germany),
where the O content was calculated according to the difference (O =100
—Ash - C—H-N -8S). The inorganic mineral contents (Na, Mg, Al, Si, P,
Cl, K, Ca) were determined using X-ray fluorescence spectrometry (XRF,
Axios mAX, PANalytical Axios-mAX, Netherlands). The surface func-
tional groups were determined using Fourier transform infrared spec-
trometry (FTIR, iS10, Thermo Fisher Scientific, America). A surface area
and porosity analyzer was used to examine the surface area and pore
structure (ASAP2020, Micromeritics, America). Prior to the adsorption
measurements being conducted, the DR and DRCs samples were vented
for 2 h at 200 °C under a vacuum.

To follow the production of the main products during the DR py-
rolysis, TG-FTIR experiments were conducted at 20 °C/min. The oil
phase was obtained by purging with 500 mL/L of high-purity Ar. The
condensable gas fraction was removed with acetone, while the non-
condensable gas phase product was analyzed online using FTIR spec-
troscopy. The program was set to obtain FTIR spectra at eight scans per
sample over a temperature range of 30-800 °C with a resolution of 4
em™!. Py-GCMS was conducted with pure helium as the carrier gas for
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Fig. 1. TG (a) and DTG (b) curves of DR pyrolysis at three different heating rates.
Table 2

Pyrolysis parameters and Devolatilization Index D of DR under three different heating rates.

p(CC/ T; T, —DTG,, T, —-DTG, ATy AW D; (%2/ D (%2/(K3-min?))
min) Q) Q) (%/min) Q) (%/min) Q) (%) (K3-min?))
Stagel 20 40 83 0.82 134 0.59 31 5.28 1.40 x 1077 Do = 2.16 x 1075 D3g = 3.94 x 107% Dyp =
30 40 92 1.20 139 0.84 35 5.10 2.50 x 1077 7.22 x 107°,
40 40 102 1.53 148 1.07 39 5.10 3.57 x 1077
Stage2 20 134 211 2.04 236 1.02 23 10.98 5.95 x 1077
30 139 216 2.79 241 1.44 23 10.57 1.14 x 107
40 148 223 3.79 248 2.11 24 10.67 2.14 x 107°
Stage3 20 236 311 3.19 394 2.15 43 35.98 8.72 x 1077
30 241 319 4.81 406 3.11 45 36.81 1.79 x 107°
40 248 327 6.65 416 4.36 46 37.89 3.35 x 10°°
Stage4 20 394 439 1.58 570 1.06 85 19.72 8.80 x 10°°
30 406 465 2.40 573 1.60 82 19.15 2.02 x 1077
40 416 465 3.32 585 2.19 83 19.07 3.79 x 1077
Stage5 20 570 725 3.95 775 1.29 35 28.04 4.66 x 1077
30 573 726 4.97 848 1.44 41 28.37 5.58 x 1077
40 585 733 6.47 849 2.05 42 27.28 9.99 x 1077

12 s at 800 °C for pyrolysis. The volatile products were separated using
an HP-5MS capillary column (5% phenyl-95% dimethylpolysiloxane, 30
m x 0.32 mm x 0.25 pm). Mass spectral data were obtained in electron
ionization mode at 70 eV. Compound yields were calculated from
standard solution calibration derived from the National Institute of
Standards and Technology (NIST) library database GC-MS spectra.

2.5. Heavy metal detection and analysis methods

According to the three-step extraction procedure formulated using
the BCR continuous extraction method, HMs have divided into four
fractions. The F1 fraction is the acid-soluble fraction, mainly adsorbed
on the surface of particles or in the form of carbonates, and is susceptible
to the type of ions in the water column and their adsorption and
desorption. The F2 fraction is the reducible fraction, mainly in the form
of iron and manganese oxides combined in an unstable form under
anoxic or anaerobic conditions. The F3 fraction is the oxidizable frac-
tion, the form in which heavy metals are combined with organic matter
and sulphides. It can be degraded under certain conditions to become
bioavailable. The F4 fraction is the residual fraction, that is, the form in
which heavy metals are bound to silicate minerals and crystalline Fe-Mg
oxides. The F4 fraction is relatively stable and difficult to activate or use
[27]. The specific extraction process is shown in Fig. S2. The final
leaching solutions were determined using inductively coupled plasma
mass spectrometry (ICP-MS, Agilent Technologies, 7500CX, Santa Clara,
CA). The leaching toxicity of HMs used the Toxicity Characteristic
Leaching Procedure method developed by the United States Environ-
mental Protection Agency (EPA. US). 1 g sample was extracted with 20
mL of 0.1 mol/L acetic acid solution (pH = 2.88), then centrifuged,
filtered, and leached for analysis using ICP-MS.

The HMs potential ecological risk index was used to evaluate the
potential pollution risk of solid waste, which can be obtained using Eq.
(13) [28].

RI=YE =) (1+¢) = Z(Tf%)

where Cy is the single metal pollution coefficient, Ws is the total con-
centration of F1, F2, and F3, and Wj, is the concentration of F4. Ty is the
individual HM toxicity response factor of which eight typical heavy
metals are: Cd (30) > As (10) > Ni (6) > Cu (5) =Pb (5) > Cr (2) > Mn
(1) = Zn (1) [29]. E, is a single potential ecological risk index, RI is
potential ecological risk index of DR or DRCs. Indicators and thresholds
for the potential ecological risk of heavy metals are shown in Table S2.
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3. Results and discussion
3.1. Thermogravimetric analyses of DR

The TG and DTG curves of DR pyrolysis in the Ny atmosphere under
three heating rates are shown in Fig. 1. Pyrolysis of DR could be divided
into five stages corresponding to the five more pronounced weightless
peaks in the DTG diagram as shown in Fig. 1(b). Stage 1 was from 40 °C
to 148 °C with a weight loss of 2.5 wt%, and Stage 2 was from 148 °C to
248 °C with a weight loss of 5.2 wt%. These were caused by water
evaporation and light volatiles decomposing, which were also reported
by Hu et al., but at slightly lower temperatures than in the present study
[30]. Extending from 248 °C to 416 °C with a weight loss of up to 18.5%,
Stage 3 was the main stage of DR pyrolysis because of the decomposition
of hemicellulose, cellulose and extracts including protein, starch,
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Fig. 2. Kinetic plots for the five sub-stages according to FWO and KAS.
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carbohydrate, and aliphatic [31]. Similar results were found in the study
of penicillin fermentation residue by Wang et al. with a slightly larger
temperature range, which was attributed to the greater abundance of
organic matter in the penicillin fermentation residue [32]. Stage 4 was
from 416 °C to 585 °C with a weight loss of 9.3 wt%, which was pre-
dominantly associated with macromolecular substances and lignin
decomposition. It was reported that the pyrolysis of hemicellulose, cel-
lulose and lignin occurred mainly at 200 to 300 °C, 300 to 400 °C and
200 °C until the end of the pyrolysis process, respectively [33]. At this
stage, it was often accompanied by secondary reactions such as repo-
lymerization and condensation to form chars [34]. Stage 5 corresponds
to the decomposition of calcium carbonate resulting from the decom-
position of organic calcium compounds in the temperature range of
585-844 °C, slightly different from the 630-680 °C reported by Liu et al
[35]. The limitations of heat and mass transfer made the TG and DTG
curves move to the higher temperature on the right as the heating rate
increased.

Table 2 shows the pyrolysis parameters and Devolatilization Index D
of DR pyrolysis at different heating rates. The initial temperature (T;),
peak temperature (T},), and ultimate temperature (T,) in the five stages
all increased with the increase in pyrolysis rate. The DTG curve also
tended to shift to the right, which did not change the thermal profile of
decomposition. The maximum weight loss rate (—DTGy,) for Stages 1, 2,
3, 4, and 5 increased from 0.82, 2.04, 3.19, 1.58, and 3.95 at 20 °C/min
to 1.53, 3.79, 6.65 3.32, and 6.47 wt.%/min at 40 °C/min, respectively.
This phenomenon can be attributed to a significant temperature differ-
ence between the inside and outside of the DR particles because of the
poor thermal conductivity of DR, and volatiles will be released faster at
higher heating rates. Devolatilization Index D, one of the parameters for
evaluating DR pyrolysis performance, also increased with the increase in
heating rate, and the values of Index D at 20, 30, and 40 °C/min was
2.16 x 1075, 3.94 x 1075, 7.22 x 107° %2/(K® min?), respectively. In
conclusion, a higher heating rate can improve the pyrolysis performance
of DR.

3.2. Pyrolysis kinetics analysis of DR

The least-square method was used to calculate the apparent activa-
tion energy (E,) according to the FWO and KAS method. In this study, to
more effectively show the variation in E, values for DR, the corre-
sponding characteristic transformation () ranging from 0.2 to 0.8 with
an interval of 0.05 was used for each stage. As shown in Fig. 2, linear
relationships were obtained using the plots of Ing (FWO) and In[4/T?]
(KAS) versus 1/T at the given a. The correlation coefficients R? of the
five stages were from 0.9602 to 0.9996, 0.8686-0.9621, 0.9925-0.9970,
0.9684-0.9991, and 0.8561-0.9968 at five different stages, respectively.

Given that the energy required for different reactions in the DR pyrolysis
process was different, the E values constantly changed with the degree of
conversion. The E values of Stage 1 and Stage 5 decreased with the
addition of a, while those of Stage 2, 3, and 4 were the opposite. The E
values obtained using the two methods were almost the same, which
indicated the data calculated was reliable. The E values calculated with
FWO and KAS were 61.71 and 58.71 kJ/mol for the Stage 1 and 101.5
and 98.8 kJ/mol for Stage 2, which are similar to the 64.88 ~ 92.02 kJ/
mol reported by Liu et al. [35]. In Stage 3, the E values increased to
120.2 and 116.6 kJ/mol, respectively, lower than the E values of 168.85
kJ/mol for organics, according to Wang et al. [32]. This may be because
the pyrolysis of DR at this stage was also involved in the degradation of
low-energy hemicelluloses and small molecules. In Stage 4, the E values
of 151.7 and 151.0 kJ/mol were lower than those of 236.7 kJ/mol for
pure lignin, which was attributed to the more complex composition of
DR, containing not only lignin but also other macromolecules [36]. The
E values calculated in Stage 5 were the highest, reaching 424.4 and
429.2 kJ/mol using the two methods. The activation energy reflects the
difficulty of the DR pyrolysis reaction, as explained in Section 3.1.
During DR pyrolysis, decomposition of the organic calcine often
required higher energy. To use the DR more effectively, we can control
the pyrolysis temperature according to the product requirements to
achieve the strongest energy-saving effect.

3.3. Reaction model from the master plots

The integral master plot method used the average activation energy
for each stage calculated using the two methods in Section 3.3.2. The
average activation energy values for the five stages were 60.21, 100.15,
118.40, 151.39, and 426.82 kJ/mol, respectively. The reaction kinetics
of DR pyrolysis process could be expressed once the necessary pre-
exponential factor (A), the model, and the order of reaction (n) had
been calculated. As shown in Fig. 3 (a, c, e, g, and i), the P(u)/P(ug 5)
plots for the different heating rates at each stage were almost the same.
This indicated that the kinetic degradation mechanism would not
change excessively with the heating rate. Therefore, the kinetics of each
stage of DR pyrolysis could be described using a single kinetic model.
The experimental master plot of the heating rate with 30 °C/min was
used as the research object to compare with the theoretical master plots
to find the most likely dynamic model, as shown in Fig. 3 (b, d, f, h, and
J)-

Comparing Stage 1 and Stage 4 with F2 of the theoretical master
plots, that is, a simple reaction order model, it was found that the two
had a higher degree of matching. This result was also in line with the
findings of Cai et al. [37], who found that F2 could fit the decomposition
process of cellulose and lignin effectively. Meanwhile, Stage 2 was close
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Fig. 3. Experimental master plots of P(u,)/P(ugs) vs. o for each stage of DR pyrolysis.
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Fig. 4. Plotting G(a) versus 10x x EP(u)/fR for the three sub-stages of DR pyrolysis.

to D1 of the theoretical master plots, which was a one-dimensional
diffusion model of 2. The three-dimensional diffusion (Jander) of D3
was the best-fit mechanism to describe the kinetics of the final sub-stage.
Here, gaseous intermediates infiltrated the core of the initial material,
forming a reaction layer that was then converted into the final products.
Xie et al. [38] also reported that the major pyrolysis stages of antibiotic
mycelial residue were described effectively by the three-dimensional
diffusion. Meanwhile, the experimental master plot of Stage 3 was
located between the theoretical master plots F2 and F3. The F, model f
(a) = (1 — )" could describe the kinetic process of Stage 3. Wang et al.
[32] also found that reaction orders could effectively portray the
decomposition of most organic matter, including proteins,

carbohydrates, and aliphatic compounds in penicillin fermentation
residues. Therefore, the expression f(a) = (1 — )" was introduced into
Eq. (12) which became:

AE
== /}—RP(MU,) =

(1-a)" -1

AG(a) |

14

To obtain the more appropriate value of n to express Stage 3, n was
set to increase from 1.0 to 2.0 in 0.1 increments and [(1 — a)l_“ —1]/(n
— 1) was plotted versus EP(u)/fR as a least-square regression line. As
shown in Fig. 4, the fitted curve had the highest correlation coefficient
when n = 1.3. The corresponding pre-exponential Factor A could be
obtained from the slope of the fitted curve. The same method was used
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Fig. 5. (a): Three-dimensional infrared spectra of DR pyrolysis gases; (b): Relative peak area of classified bio-oil compounds from DR pyrolysis.

Table 3
Significant physicochemical properties of DR and DRCs.
Samples Yield (%) Proximate analysis (wt.%) on sample  Elementals analysis (wt.%) on sample mass BET specific
mass surfacearea
Ash M FC N c H s o we weo @D
DR / 48.05 + 49.41 + 2.54  3.49 + 22.72 + 3.22 + 0.39 + 2213 170 013  3.76
0.37 0.47 0.01 0.05 0.25 0.01
DRC- 65.97 + 69.34 + 26.42 + 425 120 + 13.01 + 1.30 + 0.41 + 1475 1.20 0.08 19.35
400 0.43 0.13 0.83 0.08 0.13 0.38 0.04
DRC- 64.97 + 70.27 + 22.62 + 711 127+ 13.85 + 1.25 + 0.51 + 1285 1.08 0.08 38.38
500 0.24 0.40 0.08 0.01 0.01 0.39 0.08
DRC- 62.27 + 71.86 + 19.45 + 869 091+ 13.28 + 0.89 + 0.52 + 1255 0.80 0.06 49.64
600 0.87 0.28 0.16 0.04 0.04 0.03 0.01
DRC- 52.23 + 81.71 + 16.00 + 229 034+ 8.22+0.01 1.09+ 0.65 + 8.00 159 0.04 93.98
700 0.56 0.21 0.03 0.00 0.06 0.16
DRC- 51.57 + 84.03 + 13.48 + 249  0.26 + 7714001 117+ 0.52 + 631 182 0.03 80.26
800 0.61 0.17 0.21 0.00 0.23 0.08
at 20 °C/min. The pyrolysis products of DR varied considerably with
DRC 8I00 : : : : : : : : increasing pyrolysis temperature and were mainly concentrated be-
'T—T T | | tween 250 and 800 °C. According to the Lambert-Beer law [39], the
DRC-Z00 : I 1 absorption spectra at specific wavelengths were linearly related to the
| +H ! gas concentration. Given that most of the gas spillover also falls within
;\? IDRC-400 : : : : this range, the type of DR pyrolysis products could be determined from
o 1 0 the FTIR profiles [40]. The absorption peaks around 3500-3700 cm ™!
E DRC-400 I were mainly O-H and associated with the water adsorbed in DR. Part of
2 ! this corresponded to the first stage of the process in thermogravimetric
£ DRC-400 I analysis. In contrast, the Maillard reaction (dehydration reaction) may
= I generate the subsequent peaks, which corresponded to the third stage of
g DR pyrolysis. The absorption peaks neared 3000 cm™! and were pre-
&= dominantly C-H of methane gas (CHy4). This was mainly associated with
) the cleavage of methoxy-O-CHjs in hemicellulose, cellulose, and lignin. It
Free OHH Z)H (‘:':i‘_’g:::‘) o Aromatic increased in intensity with increasing pyrolysis temperature. This cor-
i CONH CH; c.(!H responded to the reaction in the three and fourth stage, which corre-
C=C CH, cCo.C M-X - . A
: sponds to the decomposition of cellulose, hemicellulose and lignin. The

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig. 6. FTIR spectra of DR and DRCs.
to obtain the kinetic triplets at 20 °C/min and 40 °C/min. The relevant
results are presented in Table S3. The mechanism functions for the five
sub-stages of DR pyrolysis were fla) = (1 — ) ~! — 1, fla) = &, fla) = [(1

— P 1113, fl@ =1 - 7' - 1, and fla) = [1-(1 — 13,
respectively.

3.4. TG-FTIR analyses and Py-GCMS analysis of pyrolysis oil

Fig. 5a shows the 3D infrared spectrum obtained using DR pyrolysis

absorption peaks near 2250 cm™! were mainly associated with the

release of CO. This was caused by the cleavage recombination of acidic
oxygen functional groups, such as carboxyl, lactones, and cleavage
detachment of C-C and C-O linked to the main hemicellulose branch,
the C=0 cleavage of cellulose, and C-C breakage [41-43] (Mainly
focused on the third stage). The significant increase in CO5 after 670 °C
is mainly related to the decomposition of calcium carbonate, which
corresponds to the fifth stage of DR decomposition. The weak peaks
between 600 and 800 °C were mainly secondary degradation of CO and
CO compounds, leading to the reorganization of bond breaks. CO was
detected near 2200-2300 cm™!. The peak intensity increased with
increasing pyrolysis temperature and was mainly generated by the re-
action of C in DR with the generated CO5 (C + CO3 — 2CO). In addition,
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Table 4
Total concentrations of HMs on sample mass in DR and DRCs.

Fuel 353 (2023) 129185

Sample Heavy metals (mg/kg)

Cr Mn Ni Cu Zn As cd Pb
DR 35.31 +2.71 200.0 + 19.0 12.42 +1.17 38.74 £ 1.29 264.5 + 19.0 25.21 + 2.61 1.097 + 0.038 5.451 + 0.190
DRC-400 44.93 + 0.74 255.8 + 4.0 15.91 + 0.18 47.94 + 1.46 349.2 + 6.0 23.02 £ 0.12 1.600 + 0.015 8.553 + 0.254
DRC-500 41.92 + 1.57 240.5 + 6.0 15.33 £ 0.20 50.33 £ 0.58 336.4 £5.9 22.18 £0.25 1.309 + 0.044 8.311 + 0.097
DRC-600 42.67 + 0.62 254.5 + 5.9 15.83 £ 0.21 54.81 £ 1.05 317.8 £ 3.2 21.61 £ 0.55 0.146 + 0.038 8.248 + 0.392
DRC-700 44.91 + 1.72 258.5 + 15.2 16.61 + 1.11 58.99 + 3.39 204.3 + 4.0 21.53 + 0.87 0.027 + 0.002 2.572 +0.193
DRC-800 42.98 + 0.22 257.1 + 1.6 16.11 + 0.30 56.83 + 0.37 119.1 + 8.9 19.82 + 0.56 0.021 + 0.003 2.120 + 0.127
Threshold * 500 b 100 500 1200 30 3 30

 Threshold values given by the GB 4284-2018.
P Not listed.

part of CO is also derived from the decomposition of carbonyl groups
and ethers in the DR. Carbon oxides are primarily formed from ether
bridges connecting lignin subunits at lower temperatures and from the
dissociation of diaryl ethers at higher temperatures [33]. The absorption
peaks around 1700-1900 cm ' corresponded to aldehydes, organic
acids, and ketones produced by the cleavage of the epoxy group (-CH(O)
CH-) [44], which mainly produced from the decomposition of hemi-
cellulose and cellulose in the third stage. Meanwhile, 1500 ~ 1600 cm ™
were skeletal vibrations of C-C, that is, phenols with benzene ring groups
and hydroxyl groups, which corresponded to the decomposition of cel-
lulose and lignin in the fourth stage. Both the absorption peaks near
1300-1400 cm™! and 1000-1200 cm™! stretching vibrations were
mainly because of hydroxyl (C(OH)) compounds, carbonyl groups,
acids, ethers, phenols, and alcohols with the release of C=0, -OH and
C-O(H) concentrated between 220 and 320 °C. In contrast, the ab-
sorption peaks below a wavelength of 1000 cm ' were more often
attributed to NHg3, mainly because of the generation of minor molecule
gases from anaerobic digestate through deamidation reactions [45].
The Py-GCMS results indicated that the pyrolysis oil produced during
DR pyrolysis was a highly complex mixture. The mass spectra were
analyzed against the standard database, and peaks with areas corre-
sponding to the weight percentage greater than 0.05% were recorded to
obtain 56 compounds, as shown in Table S4 and Fig. 5b. The substances
in pyrolysis oil were mainly classified as hydrocarbons, nitrogenous
compounds, and oxygenated and sulphur compounds. The hydrocarbons
in hydrocarbons mainly comprised olefins and PAHs. Olefins were pri-
marily likely to be produced by the pyrolysis of lipids in the DR, while
PAHs were mainly derived from secondary reactions of styrene de-
rivatives such as phenol and cresol in pyrolytic volatiles [46]. Mean-
while, high levels of PAHs reduce fuel quality and are potentially
harmful to the environment. However, the nitrogenous compounds
mainly included amines and amides, nitrile, and nitrogen-containing
heterocyclic compounds. Given the protein-rich nature of DR, over
73.59% of the pyrolysis products contained nitrogenous compounds. Of
these, 45.41% were amines and amides, while the most dominant pro-
portion was glycine at 44.42%. Amines and amides were mainly asso-
ciated with the generation of methyl and methylene groups from amino
acid dimerization in DR from meals and the reaction with fatty acids
from lipolysis. The production of nitrile-like substances was mainly
because of the cleavage reaction of amino acids and the dehydration
reaction of amides. Among the nitrogen-containing heterocyclic com-
pounds, indoles, pyridines, pyrroles, pyrazines, and piperidines were
formed mainly because of dehydrogenation, decarboxylation, and
dehydration of some amino acids. In contrast, the remaining pyridines
and pyrroles were formed primarily because of secondary cleavage re-
actions of nitrogen-containing functional groups such as pyridine-N and
pyrrole-N in cleaved carbon [47-49]. The Maillard reaction between
carbonyl and amino compounds can produce nitrogen-containing het-
erocyclic compounds. In contrast, high nitrogen-containing compounds
in pyrolysis oil can lead to nitrogen-related contamination. How effec-
tively nitrogen-containing substances can be removed from the cracked
oil can also affect the efficient application of subsequent products. The
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main oxygenated compound-like substances produced by DR pyrolysis
were alcohols, aldehydes, ketones, acids, and phenols. The acids and
ketones were mainly because of the degradation of hemicellulose.
Meanwhile, phenols and aldehydes were caused more often by decom-
position of lignin [50]. The sulphur compound contents were lower, at
0.71% and were mainly composed of sulphur-related acids, and ethers.

3.5. Characteristic analysis of DRCs

3.5.1. General properties

The biochar yield decreased with rising pyrolysis temperature
(Table 3). This indicated that more volatile matter was released as liq-
uids and gases. DR has higher quality than traditional sewage sludge,
showing an advantage in terms of energy cycle self-sufficiency and lower
carbon emissions. As the temperature increased, the ash content of the
biochar rose from 48.05% to 84.03%. The volatile matter decreased
from 49.41% to 13.48%, which was caused by massive decomposition of
organic matter in the DR during pyrolysis. The high ash content of the
biochar (81.71% at 700 °C and 84.03% at 800 °C) limits further use. The
decreases in H and N contents at higher pyrolysis temperatures were
because of the loss of more volatile matter. The S content of biochar was
relatively constant despite the change in pyrolysis temperature. The
molar ratios of H/C and O/C were the main carbonation parameters and
have commonly been used to describe the organic aromaticity of biochar
[51]. Both ratios (H/C) of the biochar declined significantly with
increasing pyrolysis temperature, leading to substantially greater
carbonization and higher aromatic condensation. The molar ratio of H/C
decreased from 1.20 at 400 °C to 0.80 at 600 °C and then increased to
1.82 at 800 °C. This was consistent with the results for C content,
indicating that the C content in biochar had dropped significantly at
high temperatures of 700 and 800 °C. At high temperatures above
682 °C, the calcium carbonate in the DR decomposition produces a large
amount of COy overflow, therefore, reducing the C content, and the
same O content also decreases (Table 3). The molar N/C ratio declined
significantly with increasing pyrolysis temperature, suggesting a
reduction in N-related functional groups on the biochar surface [52].

As shown in Table 3, as the pyrolysis temperature increased from
400 °C to 700 °C, the specific surface area of DR rose from 19.36 to
93.98 m?g~!. However, when the pyrolysis temperature reached
800 °C, a slight downward trend in specific surface area was observed,
decreasing to 80.26 m?-g~. This can be attributed to the formation of
calcium carbonate from the abundant organic calcification in DR under
high-temperature pyrolysis conditions. This, in turn, decomposes into
calcium oxide and CO5 gaseous products spilling out of the solid phase,
resulting in a rich pore structure [35]. The subsequent reduction was
likely because of gradual melting of some of the low-melting fractions,
with the liquid phase filling in the pores leading to a reduction in specific
surface area.

3.5.2. FTIR analyses
The FTIR spectra of DR and DRCs are presented in Fig. 6. The specific
stretching vibrations of ~OH from mineral substances occurred at
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Fig. 7. BCR speciation of heavy metals in DR and DRCs.

approximately 3600 cm ™! and were only detectable at pyrolysis tem-
peratures above 700 °C. The peak intensity near 3400 cm ! was because
of the hydroxyl functional group (vibration of O-H stretching). The
tensile strength of O-H gradually weakened as the pyrolysis temperature
rose and disappeared entirely under pyrolysis conditions higher than
600 °C. This indicated that the hydroxyl or carboxyl groups in the sugar
units formed from the broken chains of cellulose and hemicellulose were
completely decomposed after pyrolysis. The peak near 2800-3000 cm !
was attributed to the aliphatic (CH), group (C-H stretch), which
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weakened gradually as the pyrolysis temperature increased. This can be
explained by organic fatty hydrocarbons being decomposed to carbon
dioxide, methane, and other gases, or transformed into aromatic struc-
tures [53], which is also consistent with TG-FTIR results. The peak
around 1601-1660 cm™! reflected amide bonds and aromatic ring
stretching (C—=C, C=0 and ~CONH-), with a slight decrease in the in-
tensity of the DRC as the temperature increases, and this could verify the
formation of NHs. Meanwhile, the peaks at 1417 and 1437 cm ™! were
related to CHs and CHy aliphatic chains and decreased gradually with
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increasing temperatures up to 800 °C. The peak around 1050 cm™?
attributed to aromatic C-O-C decreased slightly upon heating at higher
pyrolysis temperature. This was related to the breakage of the aromatic
C-O linkages and volatilization of oxygen corresponding to the forma-
tion of carbonyl groups, acids, ethers, phenols and alcohols in TG-FTIR
in different compounds and poly-condensation of the aromatic structure
[52].

3.6. HMs analysis

3.6.1. Total concentrations of HMs in DR and DRCs

The concentrations of Zn and Cu in DR were relatively high, reaching
264.5 mg/kg and 200.0 mg/kg, respectively (Table 4). However, the
concentrations of Cd and Pb were low, at 1.097 mg/kg and 5.451 mg/kg,
respectively. Except for As, there was a significant enrichment of DRCs
prepared by pyrolysis at 400 and 500 °C. This increase can be attributed
to the weight loss of HMs being substantially lower than that of the
organic matter, which led to the enrichment of HMs in the carbon matrix
[54]. Cr, Mn, Ni, Cu, and As concentrations in DRCs did not change
substantially with increasing pyrolysis temperature. Meanwhile, Zn, Cd,
and Pb showed a significant decrease in concern at temperatures up to
700 °C, with Zn decreasing further at 800 °C. The results can be
attributed to the oxides of Cd and Pb being reduced by carbon to gas and
overflowing in a high-temperature environment [55]. The main reason
for the decrease in Zn concentration at high temperatures could be
attributed to chemical reactions above 700 °C, culminating in migration
from carbon to liquids and gases in the form of Zn or ZnCly [56]. In
summary, the DR and DR-derived biochar had safe HM concentrations,
and met the Chinese control standards for contaminants in agricultural
sludge (GB 4284-2018, A-level sludge, Cr: 500 mg/kg, Ni: 100 mg/kg,
Cu: 500 mg/kg, Zn: 1200 mg/kg, As: 30 mg/kg, Cd: 3 mg/kg and Pb: 30
mg/kg).

3.6.2. Speciation of HMs in the DR and DRCs

Fig. 7 shows the variation in the chemical speciation of HMs in DR
and DRCs. For Cr, Cu, and Pb, the percentages of F3 + F4 fractions in DR
were relatively high, especially for Cr and Pb, at close to 100. The
portions of those fractions remained at relatively high levels after py-
rolysis, indicating a low environmental risk for Cu, Cr, and Pb in DR and
DRCs. For Mn, Ni, Zn, and Cd, the percentages of F3 + F4 fractions all
showed a tendency to decrease with increasing pyrolysis temperature.
The percentage of the F3 + F4 fraction for Mn in DR increases from
82.73% to 84.47% at 400 °C and decreased to 55.07% when the tem-
perature reached 800 °C. Meanwhile, the percentage of F3 + F4
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fractions of Ni in DR increased from 57.73% to 98.56% in DR at 400 °C
and decreased to 87.14% when the temperature increased to 800 °C.
This may be because the high content of oxides and organic matter in the
DR could be used to enhance interactions such as adsorption, precipi-
tation, and complexation between the HMs and the lattice by increasing
the negative charge. This immobilized the HMs in the high aromatic
biochar structure [57,58]. However, under high-temperature condi-
tions, some stable inorganic minerals in the DR, that is, mainly car-
bonates and silicates, decomposed during pyrolysis. This resulted in the
release of fixed metals from the crystal structure [59]. The chloride in
DR could significantly enhance the chlorination when it was pyrolyzed
at temperatures above 700 °C, therefore, activating the HMs in biochar
[60]. For As, the F4 fraction (91.31%) dominated in DR and showed a
tendency to continue to increase in proportion with increasing pyrolysis
temperature. This phenomenon may be because of the high content of
calcium oxide in the DR. This has a strong inhibitory effect on As
emission and can also react with AsyO3, AsyS3, and NaAsO; to form
thermally stable compounds (Ca(AsO3)3) [61].

3.6.3. Assessment of potential ecological risks of DR and DRCs

The TCLP leaching amounts, which simulate the leaching of con-
taminants from landfills, provide a means of assessing the HMs risk of
heavy metals. The leaching amounts of all HMs in DR and DRCs were
less than the threshold values (Table S5). This indicated that the envi-
ronmental risks were relatively low and would not cause contamination
of the surrounding environment with HMs. Such low leaching amounts
showed that DRCs potentially have a range of applications and have
provided a basis for use as modified sorbent materials or soil fertilizers.
Overall, pyrolysis was beneficial in further reducing the leaching of HMs
and promoting the stabilization of HMs. This was also verified in the
BCR spectral distribution analysis.

Potential ecological risk index (RI) results for HMs in DR and DRCs
are shown in Fig. 8. The value of RI for the DR is 9.34, indicating that the
contamination level of HMs is relatively low. The RI values showed a
decreasing trend and then increased with increasing pyrolysis temper-
ature, with a minimum of 3.65 when the pyrolysis temperature was
500 °C. The main reason for this increase was provided by the Cd
mentioned in the BCR chemical specification analysis. Its E, value was
46.23, which was a moderate risk of contamination. This is because Cd is
present as metal chloride at high temperatures, increasing its hazard
level. However, the lower concentrations make this less important.
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4. Conclusion

The pyrolytic properties, mechanism of product formation, biochar
characteristics, and heavy metals safety of biochar during the pyrolysis
of food waste digestate residues have been examined in the current
study. The results have shown that DR pyrolysis proceeded in five stages.
The kinetic model for Stage 1, Stage 3, and Stage 4 were the simple
reaction order model, the one-dimensional diffusion model for Stage 2,
and the three-dimensional (Jander) diffusion model for Stage 5. Based
on the TG-FTIR and Py-GCMS analysis, the volatile components of DR
pyrolysis were mainly generated through the Maillard, decarboxylation,
and deamination reactions as HpO, CH4, CO3, CO, phenol, C=0 (an-
hydride, ketone or aldehyde), C-O, and NH3. Meanwhile, the main
components of the pyrolysis oil were of six types, that is, hydrocarbons,
amines and amides, nitrile, N-hybrid compounds, oxides, and sulphides,
of which glutamate had the largest proportion of 44.42%. The prepared
DRCs had suitable aromatic properties. The biochar obtained at a py-
rolysis temperature of 700 °C has a relatively high specific surface area.
The HMs results have shown that the HMs of DRCs from DR pyrolysis at
400, 500, 600, 700, and 800 °C were mainly in the F3 and F4 fractions.
TCLP leaching toxicity tests and heavy metal potential ecological risk
indices have indicated a high safety profile for DRCs. Moreover, we have
successfully applied DRCs in adsorption with promising results [62].
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